Highly efficient optical modulation of terahertz (THz) transmission through Si substrate coated with thin layer of organic π-conjugated materials was investigated under various laser light irradiation conditions using THz time-domain spectroscopy. As in the pioneering work by Yoo et al. [Yoo et al., Applied Physics Letters. 2013;103:151116-1-151116-3.], we also used copper phthalocyanine (CuPc). It was perceived that the charge carrier transfer from Si to CuPc is crucial for the photoinduced metallization and efficient optical modulation of THz transmission. We found that the thickness of CuPc layer is a critical parameter to realize high charge carrier density for efficient THz transmission modulation. We also fabricated a splitring resonator (SRR) array metamaterial on CuPc-coated Si utilizing superfine inkjet printer and succeeded in obtaining efficient modulation of resonant responses of SRR array metamaterials by laser light irradiation. We have further investigated THz transmission modulation through Si substrates coated with another four solutionprocessable π-conjugated materials. Two of them are π-conjugated low molecules such as the [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene), and another two are the π-conjugated polymer materials such as poly[5-(2-ethylhexyloxy)-2-methoxycyanoterephthalyliden] (MEH-CN-PPV) and poly(benzimidazobenzophenanthroline) (BBL). Among these four π-conjugated materials, PCBM-and TIPS-pentacene showed better modulation efficiencies even higher than CuPc. Our findings may open the way to fabricating various types of THz active devices utilizing printing technologies.
Introduction
Wide range of electromagnetic waves from radio waves, microwaves to infrared, visible, and ultraviolet has been widely utilized in wide variety of applications such as lightings, displays, information and communications technology (ICT), spectroscopies, and microscopes. Among these frequency ranges, terahertz (THz) frequency range has not been explored much compared to other frequency ranges. However, researches on THz science and technologies have made significant progress in recent years [1, 2] . THz frequency range lies in between microwave and infrared as schematically shown in Figure 1 and can be utilized for various types of applications such as spectroscopy, nondestructive inspection, security, and ICT. For wider spread usage of THz technologies, development of useful optical devices is demanded. To develop active THz devices such as active filters, modulators, and imagers, numerous attempts have been made to modulate THz radiation by external stimuli such as optical, electrical, and thermal stimuli [2] [3] [4] . For such purposes, inorganic semiconductor substrates, such as Si [5] [6] [7] [8] , GaAs [9] , and InSb [10] , have been widely used since sufficient amounts of free carriers for modulation of THz transmission can easily be obtained by light irradiation (Figure 2(a) ) or thermal heating. Recently, Yoo et al. reported that depositing a thin layer of organic π-conjugated material, copper phthalocyanine (CuPc) on Si substrate is quite effective to enhance an efficiency of the photo-induced modulation of the THz transmission through it [11] [12] [13] . The molecular structure of CuPc is shown in Figure 2 (b). They have shown that the THz transmission through CuPc-coated Si substrate decreases under low-power (tens of mW) continuous-wave (CW) laser light irradiation (Figure 2(c) ) [11] . When only Si substrate was used, or when CuPc was deposited on a quartz substrate instead of on Si, no remarkable modulation was obtained [11] . The authors infer that this is caused by a charge transfer from Si to CuPc. It is impossible to create free charge carriers in CuPc directly via photo-excitation. This is because Frenkel-type tightly bound electron-hole pairs (excitons) are formed, which cannot be dissociated easily due to the strong exciton binding energy typical in organic π-conjugated materials with low dielectric permittivity. Therefore, the interface between organic and inorganic semiconductors should play a crucial role in the modulation mechanism. Free charge carriers should be created in Si by laser light irradiation, and these charge carriers move into thin layer of CuPc. Yoo et al. also showed that optical THz modulation could be induced by backward excitation, that is, excitation from the Si substrate (Figure 2(d) ) [12] . This technique is suitable for materials that show strong absorption at the wavelength of exciting laser light.
Here, we show that the thickness of the organic semiconductor thin film is the crucial parameter for obtaining a high carrier density for metallization and a higher THz transmission modulation [14] .
To utilize metamaterials, which show exotic functionality not found in natural materials, is also actively studied for use in developing active THz devices [15] [16] [17] [18] . The subwavelength resonant structures such as split-ring resonators (SRRs) can resonantly interact even with magnetic field of electromagnetic waves and give various types of novel functionalities. We also demonstrated that the CuPc/Si system could be used to efficiently control THz resonant responses of SRR array metamaterials that is also fabricated by printing technology [14] .
Several groups showed that other types of π-conjugated materials could be used instead of CuPc such as pentacene and C60 [19] , poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) [20] , various phthalocyanine compounds [21] , and 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) [22] . Zhang et al. also succeeded in obtaining highly efficient optical modulation using organometal halide perovskite deposited on Si [23] . Here, we show that various types of organic semiconductors with solution processability can also be utilized for the optical modulation of THz radiation [24] . In this study, the following four soluble organic π-conjugated materials were investigated. Molecular structures of these materials are summarized in Figure 3 . Two of them were low molecules: a well-known fullerene derivative electron acceptor, [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) ( Figure 3(a) ) [25] [26] [27] , and 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) (Figure 3(b) ), which is extensively studied as an active layer of organic thin-film transistors [28, 29] . The other two materials were π-conjugated polymer materials: n-type semiconductor, poly[5-(2-ethylhexyloxy)-2-methoxycyanoterephthalyliden] (MEH-CN-PPV) (Figure 3(c) ) [30] , and poly(benzimidazobenzophenanthroline) (BBL) (Figure 3(d) ), which is known as a π-conjugated double-stranded (ladder) polymer with quite a high electron mobility of 0.1 cm [31, 32] . Efficient optical modulation of THz transmission in these solutionprocessable π-conjugated materials may open the way for printed THz electronics and photonics.
Experiment

Sample preparation
We used a 540-μm-thick, highly resistive Si (>2.0 × 10 4 Ωcm, Optostar Ltd.) that is transparent to THz wave as a substrate. We purchased copper(II) phthalocyanine (β-form powders) from Sigma-Aldrich and used without purification. A thin film of CuPc was deposited by thermal evaporation and subsequently annealed at 250°C to obtain highest modulation, as reported by Yoo et al. [13] . We also used another solution-processable π-conjugated materials, PCBM, TIPSpentacene, MEH-CN-PPV, and BBL, and these four materials were purchased from SigmaAldrich and used without purification [24] . As solvents for solution processes, toluene was used for PCBM and TIPS-pentacene, and chloroform was used for MEH-CN-PPV. To form thin films, spin-coating were used and these films were subsequently thermally annealed at 250°C. BBL thin films were formed using methanesulfonic acid (MSA) as solvent. BBL thin films were spin-coated and immersed in deionized water to remove any remaining MSA solvent following a reported recipe to facilitate aggregation and crystallization [31, 32] . Since BBL thin films easily peel off from the substrate when they are immersed in water, special care has to be taken [24] .
We also used printing technology to fabricate SRR array metamaterials. We have utilized a superfine inkjet printer (SIJ printer, SIJTechonology, Inc.) [33] [34] [35] [36] to draw a silver SRR array. The sample was subsequently annealed at 240°C. An SRR array with a total area of 5 × 5 mm the design of Padilla et al. such that they showed resonant responses in the THz region [16] ; therefore, the period (Λ), side length (L), width (W), and gap (G) were made to be 100, 60, 12, and 6 μm, respectively, as shown in Figure 4 (a). Such SRRs are known to show electricmagnetic-coupled resonance (ω 0 ) and half-wave resonance (ω 1 ) around 1 THz as schematically shown in Figure 4 (b).
THz time-domain spectroscopy measurements
The optical characteristics in the THz range were investigated using typical THz time-domain spectroscopy (THz-TDS) [37] [38] [39] . Typical setup and principle of data acquisition are schematically summarized in Figure 5 . In our setup, photoconductive antennas were used for both generation and coherent detection of THz radiation. The samples were placed in between of two off-axis parabolic mirrors, which are used to collect, collimate, and focus the THz radiation and such that the THz beam was normally incident on the sample surface. For normalization purposes, we also measure reference spectra without placing the samples in the THz beam path as shown in Figure 5(b) . A unique feature of the THz-TDS is that it allows for a direct measurement of the transient electric field, so that both amplitude and phase information are obtained simultaneously. Obtained time-domain transient photocurrent responses are Fourier-transformed to evaluate frequency responses as shown in Figure 5(c) . We obtain frequency-domain sample response E sam (ω) and reference E ref (ω) as follows.
By taking a ratio of these frequency-domain responses, transmission coefficient t(ω) should be evaluated as follows. 
The transmission coefficient t(ω) should also be written down with complex refractive indices; therefore, both real (n) and imaginary (κ) refractive indices spectra should be retrieved using amplitude and phase information in experimentally obtained transmission coefficiencies without the need for Kramers-Kronig analysis. We also obtained the complex dielectric constants and complex conductivities from known relations between them and the complex refractive index.
To perform the optical modulation experiment, a 532-nm CW laser (Spectra Physics, Millennia Vs) was used to optically generate free charge carriers in Si. At this wavelength, CuPc and PCBM do not show much absorption; thus, forward excitation configuration was employed, as shown in Figure 2(c) . In contrast, TIPS-pentacene, MEH-CN-PPV, and BBL show strong absorption at 532 nm; therefore, backward excitation configuration was used to avoid absorption in π-conjugated materials, as shown in Figure 2 (d) [24] . A 3-mm-diameter aperture was placed in front of the sample to define the area illuminated by THz radiation. To quantitatively evaluate the degree of optical modulation of THz transmission, we introduced following modulation factor (MF) of THz transmission:
where E OFF (ω) and E ON (ω) are the field amplitudes of the transmitted THz radiation when the CW laser is off and on, respectively. The integration in Eq. (4) was performed over a frequency range from 0.2 to 1.5 THz. A higher MF means a larger drop in THz transmission by CW laser light irradiation [14] .
The photo-induced change of the THz responses of SRR array was investigated using the same THz-TDS system. The electric field of the linearly polarized THz radiation is made to be perpendicular to the SRR gap, so that magnetic resonance can be initiated as schematically shown in Figure 4 (b) [16] .
Results and discussions
Efficient optical modulation of THz transmission in Si substrate coated with thin layer of CuPc
In Figure 6(a) , the transmitted THz power spectra without laser light irradiation are shown for the bare Si substrate and Si coated with CuPc of different thicknesses of 50, 100, 200, 300, and 500 nm, respectively. There is no significant difference in transmitted power between the bare Si and CuPc-coated Si. In Figure 6(b) , the THz transmission spectra of the same samples under laser light irradiation with an intensity of 2.5 × 10 3 mW/cm 2 are shown. Upon laser light irradiation, the THz transmission decreases to almost zero, especially in CuPc thinner than 200 nm. However, the transmission modulation becomes smaller when the thickness of CuPc is further increased. In Figure 6(c) , the MF of the THz transmission is summarized as a function of CuPc film thickness. Without the CuPc film, MF is around 0.54. On the contrary, MF increases drastically to almost unity by depositing a CuPc film thinner than 200 nm. However, MF decreases again with further increasing CuPc thickness and becomes almost the same as without the CuPc film. The charge carrier transfer from Si to CuPc play a crucial role in the THz transmission modulation. Since the absorption coefficient of Si at 530 nm is 7850 cm −1 [40] , the optical excitation of free charge carriers should occur at the surface (interface) of the Si to a skin depth of micrometers. The bended energy band relationship at the interface drives the free charge carriers to move towards the Si/CuPc interface and transfer into the CuPc layer. When the CuPc layer is thin enough, the charge carrier density increases after being transferred to the CuPc layer and shifts the plasma frequency to a frequency high enough to show metallic characteristics in the THz spectral range. This concentration effect of the transferred free charge carriers in the thin CuPc layer might be the major contribution in the metallization of CuPc, which agrees well with the CuPc thickness dependence of MF shown in Figure 6(c) contrary, when thicker CuPc films were deposited, the CuPc behaves as a dielectric due to the relatively low charge carrier density and therefore becomes more transparent and the MF decreases. In order to investigate further the underlying physical mechanism of the enhanced modulation efficiency of the THz transmission, we compare the dielectric properties of bare Si and CuPc-coated Si under different laser light irradiation conditions. Figure 7 (a) shows real dielectric permittivity (ε re ) and the real conductivity (σ re ) spectra of a bare Si substrate, and Figure 7(b) shows corresponding spectra for a 200-nm CuPc film on a Si substrate under different laser light irradiances. We have analyzed CuPc-coated Si as a single-layer composite material, because we think the THz dielectric characteristics of CuPc/Si two-layer system cannot be analyzed separately. In order to analyze them separately, we first need to have dielectric characteristics of bare Si with separate experiment. However, as schematically shown in Figure  7 (c), when Si is coated with thin layer of CuPc, the density of charge carrier in the Si upon CW laser light irradiation condition should be different from that of bare Si. Therefore, the THz response of the Si side of CuPc-coated Si should be different from that of the bare Si substrate. This is the reason why we have analyzed CuPc-coated Si as a single-layer composite material [14] .
Without laser irradiation, the dielectric response shows almost no dispersion and almost the same value with and without the CuPc film as shown in Figure 7(a) and (b) . However, with increasing laser light intensity, the real dielectric permittivity decreases especially at lower frequencies, which can be attributed to a Drude-like metallic response. This may explain why higher modulation was obtained for lower frequencies as shown in Figure 6 (e) [14] . Although the thickness of CuPc is <0.5% of that of Si, the change in the dielectric response by CW laser light irradiation is remarkable in CuPc-coated Si. This implies that the contribution from thin CuPc layer to the dielectric property is quite large; therefore, the change in the dielectric permittivity of the CuPc layer should be much larger than it appeared. It may be reasonable to expect that the permittivity drops to negative values, like in a Drude-like response. The change in real conductivity by CW laser light irradiation is also remarkable in CuPc-coated Si, and the real conductivity in CuPc layer should also be much higher than it appeared under laser light irradiation. The significant increase in conductivity by CW laser light irradiation also supports that CuPc-coated Si becomes more conductive [14] . 
Efficient optical modulation of THz resonant responses in printed SRR array on Si substrate coated with thin layer of CuPc
We have applied efficient optical modulation of THz transmission through the Si substrate coated with thin film of CuPc to the optical modulation of SRR metamaterial responses. We fabricated SRR array on CuPc-coated Si by using superfine inkjet printer. Figure 8(a) shows a laser microscope image of the fabricated silver SRR array. Figure 8(b) shows the normalized THz transmission spectra of it under different laser light irradiances. When the laser light is off, sharp transmission dips induced by resonant interaction with the SRRs can be recognized. The dip in transmission at the lower (ω 0 ~0.32 THz) and higher (ω 1 ~0.85 THz) frequencies could be attributed to the electric-magnetic-coupled resonance and the half-wave resonance, respectively (Figure 4(b) ) [16] . As the laser light intensity is increased, the transmission drops in all frequencies of interest and almost no features can be recognized at higher laser light intensities. The efficient metallization in CuPc-coated Si by CW laser light irradiation is enough to short the capacitive gap of the SRR and erase its resonant effect [14] . For more efficient modulation at particular frequencies, CuPc should be partially coated only on the capacitive gap of the SRR, for example.
Efficient optical modulation of THz transmission in Si substrate coated with thin layer of solution-processable π-conjugated materials
We have further investigated optical modulation characteristics of THz transmission in Si substrate coated with thin layer of solution-processable π-conjugated materials. In Figure 9 , MF of the THz transmission through Si substrates coated with four different π-conjugated materials, PCBM, TIPS-pentacene, MEH-CN-PPV, and BBL, are summarized as a function of laser intensity. Those of CuPc are also shown for comparison. Since the modulation efficiency is not the same for different ways of excitations (forward or backward excitations) [12] , in Figure 9 (a) and (b), we summarize our data separately for forward and backward excitations, respectively. In all the samples, a significant increase in MF was obtained upon illumination with the CW laser light. Among these, PCBM and TIPS-pentacene are more efficient than CuPc; therefore, PCBM and TIPS-pentacene are more useful not only from the viewpoint of the fabrication process but also modulation efficiency. In these two materials, it was also found that thermal annealing was effective in further increasing MF (data are not shown).
Conclusions
In conclusions, we have analyzed the optical modulation characteristics of THz transmission in Si substrate coated with organic π-conjugated materials under various laser light irradiation conditions using THz-TDS. The charge carrier transfer from Si to organic π-conjugated materials plays crucial role for the photo-induced metallization of Si coated with organic π-conjugated materials, and it was shown that the thickness of the organic layer is a critical parameter to realize higher modulation efficiency. We have also fabricated SRR array metamaterial by using superfine inkjet printer on CuPc-coated Si and demonstrated efficient modulation of the resonant responses of SRR by laser light irradiation. We have also investigated optical modulation of THz transmission of Si coated with four types of π-conjugated materials: two low molecules PCBM and TIPS-pentacene, and two π-conjugated polymer materials MEH-CN-PPV and BBL. Among these materials, PCBM and TIPSpentacene showed higher modulation efficiencies, even higher than that of CuPc. Utilizing these solution processable π-conjugated materials, various types of THz materials and devices could be fabricated by printing technologies. 
